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1
SYSTEM FOR ESTIMATING MEMBRANE
STRESS ON ARBITRARILY-SHAPED
CURVILINEAR SURFACE BASED ON
CURRENT CONFIGURATION DATA

TECHNICAL FIELD

In a medical diagnostic systems, this invention is con-
cerned with a diagnostic technique for estimating stress dis-
tribution on the vascular wall and evaluating its rupture risk
based on curvilinear surface shape of vascular wall surround-
ing the blood domain which is obtained from medical image
by diagnostic equipment, such as MRI, CT, ultrasound echo
image.

BACKGROUND

Aneurysm of aorta and dissection of the aorta are typical
diseases of the thoracic aorta, and there is an influential theory
that those diseases are caused by aortic wall stress. Especially
in relation to aortic aneurysm, magnitude of generated stress
and risk of rupture of the aneurysm are considered to be
directly related with each other. Decision of whether or not to
perform operation has been judged by measuring the diam-
eter of the aneurysm and evaluating the generated stress in the
aneurysm based on the Laplace’s law (approximation of thin-
walled cylindrical shells) (C.f. Non-patent Literature 1) in
clinical practice. However, this diagnostic method using only
a representative dimension for evaluating stress of' a complex
shaped aneurysm includes a problem of accuracy, and cases
have been reported where rupture occurred at an aneurysm
shape to which operation had not been performed under the
decision of the above-mentioned diagnostic method (C.f.
Non-Patent Literature 2). In this regard, a development of
stress evaluation method with higher accuracy is required,
and the finite element analysis of individual aortic wall stress
analysis is considered as one of the effective means.

Stress analysis of aortic wall has been numerously tried by
now. For example, a three-dimensional finite element stress
analysis (C.f. Non-Patent Literature 3) reproducing the effect
of'blood pressure and tensile force caused by the heart assum-
ing the aortic wall as a linear elastic body, and a non-linear
finite element analysis (C.f. Non-Patent Literature 4) repro-
ducing blood pressure and tensile force and by using various
constitutive laws as material models for the wall of blood
vessel of the aorta and by using the shape model generated
from the multi sliced CT of human thoracic aorta, have been
performed.

However, the foregoing analysis methods have the follow-
ing problems generally when applied to the bio-mechanical
analysis. (a) Since it is impossible for measuring the material
property parameters of aorta of each individual in vivo, modi-
fication of the experimental data conducted in vitro using a
typical specimen is needed before the use. (b) Since it is also
impossible for obtaining the shape of aorta under a non-
loaded condition from CT images, some analysis must be
done to modify the shape which was obtained from a loaded
condition or a kind of residual stress must be introduced.

Conventional stress analysis methods caused by the analy-
sis complexity and uncertainty in accordance with above
problems will hardly become a practical diagnostic tool in the
scene of clinical practice. On the other hand, an alternative
approach for evaluating stress of the aortic wall by avoiding
above problems has been tried. For example, there is a method
of calculating maximum stress value only from the internal
pressure and curvilinear shape (C.f. Non-Patent Literature 5)
by assuming that the flexural rigidity of the blood vessel wall
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can be ignored, and using an axisymmetric model as an
approximation of abdominal aneurysm of aorta, and there is
also another attempt (C.f. Non-Patent Literature 6) extending
this calculation method to a quasi-axisymmetric curvilinear
surface.

CITATION LIST
Non-patent Literature
[Non-Patent Literature 1] Japan Mechanical Engineers Asso-
ciation, Biomechanical Engineering, first edition,
Maruzen, 1997
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17-27, 2002.

[Non-Patent Literature 3] Beller C. J., Labrosse M. R., Thu-
brikar M. J., Robicsek F., Role of aortic root motion in the
pathogenesis of aortic dissection, Circulation 109, pp. 763-
769, 2004

[Non-Patent Literature 4] Eiji Nunobiki, Hiroshi Watanabe,
Seiryo Sugiuea, Toshiaki Hisada, studies on pathogenesis
of aortic dissection, Japan Mechanical Engineers Associa-
tion 20 times calculation mechanics Conference proc., pp.
141-142, 2007.
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SUMMARY OF INVENTION
Technical Problem

However, in the conventional method for estimating the
stress in accordance with curvilinear surface and the blood
pressure, it is impossible to deal with a curvilinear surface
which is largely apart from axisymmetric shape such as real
thoracic aorta, and also under the assumption of symmetry of
the stress field substantially, it is not allowed to deal with
asymmetrical boundary condition for the applied force on the
boundary.

This invention is made considering the above problems and
the main purpose of this invention is to realize a diagnostic
system for estimating the stress distribution on a vascular wall
accurately under a rational assumption with only a mechani-
cal equilibrium equation even for a complicated curvilinear
surface shape.

Solution to Problem

The stress estimating system in this invention consists of a
polygon data input unit for the vascular wall, an interactive
analysis condition setting unit for setting a assumed tensile
force on the vascular wall boundary, blood pressure and the
constraint assumed as appropriate at the boundary, consists of
a stress analysis unit for obtaining a two-dimensional stress
distribution by solving mechanical equilibrium equation for
the membrane stress on the curvilinear surface representing
vascular wall given by the polygon data together with input
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unit and the interactive analysis condition setting unit, and
consists of an interactive visualization unit for displaying a
distribution of stress component designated by a system user.
This system is especially characterized by solving the above
problem without assuming any symmetry for the curvilinear
surface shape and stress distribution, and enabling the esti-
mation of a complicated stress distribution only by a
mechanical equilibrium equation with membrane stresses.

In the stress analysis unit, using an adjoint operator of the
divergence operator for membrane stress tensor in the
mechanical equilibrium equation, the membrane stresses are
transferred to the two dimensional strains, with which the
above equilibrium equation is replaced by the second order
elliptic partial differential equation with respect to the
pseudo-displacement vector field. The partial differential
equation prepared in this way is discretized by the finite
elements under the boundary condition given by the interac-
tive analysis condition setting unit on the mesh given by the
polygon data input unit, to obtain numerical solution of the
pseudo-displacement vector field. And, by calculating the
two dimensional strain from the numerical solution of the
pseudo-displacement vector field calculated in above, stress
distribution over the whole membrane is obtained.

Furthermore, since the partial differential equation solved
in the stress analysis unit is a linear equation, we can com-
pletely separate the effects on the resultant the stress from the
blood pressure and from the tensile force and constraint on the
boundary. In the stress estimating system of this invention,
the tensile force can be set to zero in the interactive analysis
condition setting unit when an user want to estimate the effect
only from the blood pressure, and the analysis condition is
passed on to the stress analysis unit. By this procedure, influ-
enceto the stress only by the blood pressure can be estimated.
Or, when an user want to estimate the effect on the stress from
the tensile force only, then the blood pressure is set to zero at
the interactive analysis condition setting unit, and the analysis
condition is hand on to the stress analysis unit. By this way,
the effect on the stress field from only the tensile force can be
estimated.

Advantageous Effect of Invention

As mentioned in above, in the stress estimating system of
this invention, with the boundary condition applied to an
appropriate vascular wall boundary which is modeled by
polygon data, the finite element analysis is performed, and
thus, there is no need for assuming the membrane shape or
axisymmetric nature of stress at all. Furthermore, it is suffi-
cient to introduce the shape of vascular wall at a timing of
interest, and it is unnecessary to know the shape under no-
loaded condition. In addition, since only vascular shape and
appropriate boundary condition are necessary for the
mechanical equilibrium equation to be solved in the stress
analysis unit, it is unnecessary to introduce the parameters of
material property at all.

Also, even when the tensile force and constraints on the
boundary are uncertain, in the stress estimating system of this
invention, since analysis can completely separate the effects
from these boundary conditions and from the blood pressure,
it is also possible to estimate the effect on the stress field only
from the blood pressure.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 A functional block diagram for showing a principal
part of an embodiment of Stress estimating system in this
invention.
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FIG. 2 A figure showing a principle utilized in an embodi-
ment of stress estimating system.

FIG. 3 A figure showing operator used in the theoretical
explanation in FIG. 2.

FIG. 4 A figure for explaining local coordinate system of
the curvilinear surface, base vector and scalar amount of
tangential plane concerned with local coordinate system used
in FIG. 3.

FIG. 5 A figure showing a flow of processing in interactive
analysis condition setting unit in FIG. 1.

FIG. 6 A figure exemplifying a prescribed boundary con-
dition in an example of vascular wall in aorta.

FIG. 7 A figure showing flow of processing in the calcula-
tion unit of pseudo-displacement vector field d in FIG. 1.

FIG. 8 A figure showing a configuration of simultaneous
linear equation in FIG. 7.

FIG. 9 A configuration diagram showing triangular ele-
ment and boundary side.

FIG. 10 A figure concretely showing a superposed calcu-
lation in 0801 of FIG. 8.

[FIG. 11] A figure for showing a method of generating a
row vector in accordance with a constraint formula.

FIG. 12 A figure showing a calculation method of element
stiffness matrix and finite element equivalent nodal force in
each element.

FIG. 13 A figure showing a calculation method of equiva-
lent nodal force at each side of boundary.

FIG. 14 A figure showing a calculation formula of con-
straint element matrix.

FIG. 15 A figure showing processing of membrane stress
calculation unit 0106 in FIG. 1.

FIG. 16 A figure showing a processing of display stress
calculation unit 0107 in FIG. 1.

FIG. 17 A figure showing normal aorta polygon data and
estimated stress in the experimental example 1.

FIG. 18 A figure showing estimated stress where aneurysm
of aorta exists in the experimental example 2.

FIG. 19 A figure analyzing by separating effects from
blood pressure and tensile force in the experimental example
3.

FIG. 20 A figure of a computer system for carrying out
membrane stress estimation.

FIG. 21 A system figure of a membrane stress estimating
unit composed of a logical calculation unit.

THE BEST EMBODIMENTS FOR CARRYING
OUT THE INVENTION

[First Embodiment]

The stress estimating system of this invention estimates
two-dimensional stress (plane stress assuming all the stresses
concerned with thickness direction is zero) from polygon data
expressing shape of vascular wall after deformation obtained
by a medical image, blood pressure estimated from other
medical equipment, and tensile force applied to the vascular
wall estimated from the blood pressure.

FIG. 1 shows an embodiment of this invention, and a func-
tional block indicating an essential part of the stress estimat-
ing system. From polygon data input unit of curvilinear sur-
face of wall0101, polygon data expressing curvilinear surface
of'wall is read. Through interactive analysis condition setting
unit 0102, a user of this system designates blood pressure,
constraint at boundary of curvilinear surface, and the tensile
force acts at boundary. In stress analysis unit 0103, the two-
dimensional stress on the curvilinear surface is calculated
under the given analysis condition, stress component desig-
nated by designation unit of stress display method 0108 in the
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interactive visualization unit 0104 is obtained, and these
results are returned to the interactive visualization unit 0104.
In the interactive visualization unit 0104, the returned distri-
bution of the stress component on the curvilinear surface is
displayed to the system user by the stress distribution visual-
ization unit 0109.

FIG. 2 shows a principle utilized by the stress estimating
system of this invention. Formula 0201 expresses a formula
which should be satisfied by the membrane stress field on the
curvilinear surface o composed of membrane structure
receiving internal pressure p. This membrane stress field is a
two-dimensional stress to be estimated in here. By using
Gauss’s divergence theorem, formula 0201 is converted into
formula 0202. In formula 0202, as being expressed by for-
mula 0203 membrane stress field is expressed by two dimen-
sional strain using the pseudo-displacement vector field d,
and by replacing force o7 m at boundary with traction f given
by interactive analysis condition setting unit 0102, then the
formula 0204 which is to be solved in this invention is
obtained.

Inhere, m is the outward unit tangential vector perpendicu-
lar to its boundary line on the boundary of curvilinear surface.
The formula 0204 is the second order elliptic equation with
respect to the pseudo-displacement vector field d, and accord-
ing to the stress estimation system of this invention, after
obtaining the pseudo-displacement vector field d by solving
the finite element discretized equation, stress field o can be
obtained by applying formula 0203. In this way, the stress
analysis system of this invention is characterized as follows:
By assuming that the mechanical equilibrium condition can
be approximately expressed by the membrane stress field o,
and that the membrane stress field ois represented by pseudo-
displacement vector field d such as in formula 0203, the
mechanical equilibrium equation 0201 concerned with mem-
brane stress field o can be converted into an equation with
respect to pseudo-displacement vector field d such as in for-
mula 0204.

FIG. 3 shows the operator used in the explanation of prin-
ciple of this invention as depicted in FIG. 2. The formula 0301
defines vector field V-0, the divergence of the membrane
stress tensor field o. The formula 0302 defines two-dimen-
sional strain tensor field V*d using the pseudo-displacement
vector d. In here, operator V- and —V* are in adjoint relation
with each other, and by this relation formula 0202 is derived
from formula 0201 in FIG. 2.

FIG. 4 shows formula 0402 for obtaining covariant base
vector and its metric tensor, formula 0403 for obtaining con-
travariant base vector and its metric tensor used in FIG. 3 from
formula 0401 expressing curvilinear surface by local coordi-
nate system (X', X*). However, formula 0401 indicating cur-
vilinear surface expresses mapping (X', X?) from the local
coordinate system (X', X?) to curvilinear surface. The for-
mula 04021 is the formula for obtaining covariant base vector
g,, g, concerned with this local coordinate system, formula
04022 is the formula for obtaining metric tensor (g, p) and
formula 04023 is the formula for obtaining its matrix g. The
formula 4031 is the formula for obtaining metric tensor of
contravariant base vector out of metric tensor of covariant
base vector, and the formula 04032 is the formula for obtain-
ing contravariant base vector g', g* corresponding to a given
covariant base vector.

FIG. 5 is showing a flow of processing in an interactive
analysis condition setting unit 0102. Furthermore, FIG. 6
shows boundary condition designating unit using vascular
wall 0601 of aorta as an example. In 0501, vascular internal
pressure p is inputted in reference with blood pressure mea-
sured externally. In 0502, fixed boundary condition (displace-
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6

ment of pseudo-displacement vector field d is set to zero) is
designated as exemplified in 0602. In 0503, the boundary
portion where tensile force is applied and the magnitude of
tensile force are designated as exemplified in 0603. In 0504,
on the boundary where the tensile force is applied as exem-
plified in 0604, the components of pseudo-displacement vec-
tor field d which are perpendicular to the direction of the force
is set to zero.

FIG. 7 shows a flow chart for showing a processing flow of
calculation unit 0105 of the pseudo-displacement vector field
d in FIG. 1. In 0701, stiffness matrix K and equivalent nodal
force vector b are generated out of polygon data given by the
polygon data input unit of curvilinear surface 0101, internal
pressure p given by interactive analysis condition setting unit
0102 and tensile force f at curvilinear surface boundary, and
constraint matrix ¢ for expressing constraint given in 0702 is
generated. Finally in 0703, with the stifthess matrix, equiva-
lent nodal force vector and constraint matrix, a system of
linear equations of the total system is constructed using
Lagrange multiplier, and the pseudo-displacement vector
field d is obtained by solving the simultaneous linear equa-
tions.

FIG. 8 is showing structure of the simultaneous linear
equation generated in FIG. 7. The stiffness matrix K and
equivalent nodal force vector b generated in 0701 are con-
structed by superposing element stiffness matrices K°, ele-
ment equivalent nodal forces P® and equivalent nodal forces F’
on element side which are concerned with each element e and
side 1 at boundary as shown in 0801. In here, the element
refers to polygon expressing curvilinear surface shape as
shown in 0901 in FIG. 9, and the side at boundary refers to
side of polygon positioned at curvilinear surface boundary.

In a similar manner, constraint matrix C generated in 0702
is structured by row vectors C,, corresponding each constraint
as shown in 0802, and the row vectors C, are generated by
superposing matrix C’, generated for the side at boundary.
With the stiffness matrix K and equivalent nodal force vector
b, simultaneous linear equation expressed in 0803 is obtained
by applying the method of Lagrange multiplier for the con-
straint expressed by constraint formula Cd=0. In here, A is the
Lagrange multiplier vector.

FIG. 10 is concretely showing overlapping calculation in
0801. In 1001, there is disclosed a method for superposing
element stiffness matrices K° and element equivalent nodal
forces P¢ for each element e. Ne is the number of nodes
consisting the element, and the size of element stiffness
matrices K¢ and element equivalent nodal forces P° is 3N,.
I(e,a,i) is an index indicating where the i-th freedom of node
ain element e is located in the global vector consisting of the
total degree of freedoms. In accordance with this index, loop
processing is carried out as shown in 1003, and the element
stiffness matrices and element equivalent nodal forces of each
element are superposed to K and b.

In a similar manner, 1002 indicates a method for superpos-
ing the side equivalent nodal forces F’ defined by tensile force
ateach side 1 of boundary onto b. J(1,a,1) is an index indicating
where the i-th freedom of node a at side 1 is located in the
global vector consisting of the total degree of freedoms.
Based on the index, loop processing concerned with 1 is
carried out as indicted in 1004, side equivalent nodal forces
are superposed onto b. Furthermore, 1101 in FIG. 11 indicates
a method for generating row vector C, from k-th constraint
formula in the same way as in 1002. In here, in the loop
processing ot 1103 concerned with constraint number k, loop
processing 1102 concerned with side 1 is further carried out.

In FIG. 12, 1200 indicates a calculation method of finite
element stiffness matrix K* at each finite element and 1210
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indicates a calculation method of finite element equivalent
nodal force P° by blood pressure. And 1220 indicates how the
pseudo-displacement vector field d and curvilinear surface
shape x are interpolated from its nodal value at each finite
element. Especially, e, is a vector value function while
interpolating pseudo-displacement vector where the compo-
nent corresponding to the i-th freedom of node a of the finite
element is 1 and all the other degree of freedom are 0.

Also, x,, is the coordinate at a-th node. 1202 shows calcu-
lation formula for each element of element stiffness matrix,
where the operator defined in 0302 is applied to the vector
value function defined by the above mentioned interpolation,
and it is calculated by integrating on the surface defined by the
interpolation. In here, finite element stiffness matrix K° is
obtained by structuring the above obtained values as compo-
nents as showing 1201. 1212 is also indicating calculation
formula for each component of the element equivalent nodal
force vector. In here, p is blood pressure given through 0501,
and n is the unit outward normal vector (pointing a direction
from intravascular to extravascular) of the curvilinear sur-
face. By structuring vectors of which component values are
obtained in above such as in 1211, element equivalent nodal
force P* is obtained.

In FIG. 13, 1300 indicates calculation method of side
equivalent nodal force F’ at each side of the boundary. 1303
indicates an interpolation method of pseudo-displacement
vector field d and side shape on side 1. 1302 is a calculation
formula of each component of side equivalent nodal force F/,
where fis the tensile force given by 0503. And by structuring
vectors of which the component values are obtained as shown
in 1301, side equivalent nodal force F’ is obtained.

In FIG. 14, 1400 indicates calculation method for the com-
ponent of contribution C’, from side 1 while generating con-
straint row vector ofk-th order. Vector ¢, in 1402 is generated
by the information given at 0504, and constraint is given so as
to make the inner product of vecto ¢, and the pseudo-displace-
ment vector d zero. And by structuring vectors of which the
components values are obtained as in 1401, the constraint row
vector is obtained.

FIG. 15 shows a processing flow in the membrane stress
calculation unit 0106. For the pseudo-displacement vector
generated in a calculation unit 0105 of pseudo-displacement
vector field d, membrane stress tensor o° at each finite ele-
ment e is generated as shown in 1501 based on 0203. How-
ever, for calculation in 1501, the interpolation equation which
is identical with the equation shown in 1205 for curvilinear
surface shape and displacement field is applied. In here, loop
processing as to finite element e is carried out as shown in
1502, and membrane stress tensors on the entire finite ele-
ments are obtained.

FIG. 16 shows a processing flow in the display stress com-
ponent calculation unit 0107. Base vector of designated com-
ponent at each element is generated by the designation of
stress displaying method given by the interactive visualiza-
tion unit 0104, and the designated component is calculated for
the membrane tensor given by the membrane stress calcula-
tion unit 0106 at each element. In here, loop processing for
element e is carried out as shown in 1602, and the components
of membrane tensor on entire elements are obtained. And the
obtained data is passed onto the stress distribution visualiza-
tion unit in interactive visualization unit 01014. And the stress
distribution visualization unit displays such as a chart of
stress distribution on the curvilinear surface or the maximum
point of stress value to the user.

EXPERIMENTAL EXAMPLE 1

InFIG. 17, afirst experiment is shown. 1701 is a shape data
of aorta vascular wall obtained from multi slice CT. Analysis
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condition as shown in 1701 is inputted through the interactive
analysis condition setting unit 0102. In this practice, blood
pressure of 120 mmHg is inputted in the blood pressure input
unit 0501, lower end of descending aorta is set as being fixed
in the fixed information input unit 0502 as shown in 1702, a
uniform axial tensile force of which the total is equal to the
product of blood pressure and sectional area of aorta root is
set in the traction force input unit 0503 as shown in 1703, and
constraint for the components of pseudo-displacement vector
perpendicular to axial direction of root is designated at con-
straint unit and constraint input unit 0504.

Under the foregoing analysis condition, for the stress ten-
sor calculated in stress analysis unit 0103, at interactive visu-
alization unit 0104, circumferential and axial vectors are
inputted, and 1704 displays the circumferential stress com-
ponent, and 1705 displays the axial stress component. As
shown by these stress distribution, in the stress estimating
system of this invention, even an asymmetrical stress distri-
bution can be easily estimated. Although, actually activating
stress is not clear, it is confirmed that the stress obtained by
structural analysis of three-dimensional finite element vascu-
lar model well coincides with the result of calculated stress by
the stress estimating system of this invention.

EXPERIMENTAL EXAMPLE 2

In FIG. 18, there is disclosed a case where an aneurysm
exists in ascending aorta, and obtained result of stress esti-
mation carried out by applying a similar analytic condition as
in the experimental example 1 through interactive analysis
condition setting unit 0102. In interactive visualization unit
0104, vectors for circumferential and axial direction are
inputted, and 1801 shows circumferential stress component
and 1802 shows axial stress component, respectively. In the
stress analysis system of this invention, stress estimation,
even in a case where vascular shape is largely out of axisym-
metry due to the existence of aneurysm, can be carried out
without problems.

EXPERIMENTAL EXAMPLE 3

In FIG. 19, there is disclosed a result of stress estimation
carried out by separating the effects of blood pressure and
tensile force. In the beginning, blood pressure is set as 120
mmHg and tensile force is set as 0 in the interactive analysis
condition setting unit 0102, then stress calculation is carried
out at stress analysis unit under the same analysis condition as
in the experimental example 1, circumferential and axial vec-
tors are inputted in the interactive visualization unit 0104, and
1901 indicates circumferential stress component and 1902
indicates axial stress component.

Next, blood pressure is set to 0 and tensile force is set to the
same as in the experimental example 1 in the interactive
analysis condition setting unit 0102, then stress calculation is
carried out in stress analysis unit under the same analysis
condition as in the experimental example 1, circumferential
and axial vectors are inputted in the interactive visualization
unit 0104, and 1903 shows circumferential stress component
and 1904 shows axial stress component. From this experi-
mental example, it becomes detailed how each factor affects
the stress distribution, for example as to circumferential stress
component as seen from 1901 and 1903, contribution of
blood pressure is dominant, and as to tensile force at aortic
root, as seen in 1904 axial stress component is propagating
spirally.

For realizing this invention, as shown in FIG. 20, in a
computer system, shape and blood pressure data 2010
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obtained by a diagnosis apparatus 2002 such as MRI, CT and
ultrasound echo and a sphygmomanometer 2003, analysis
condition and stress displaying method data 2013 are inputted
into a computer 2001by a keyboard 2004. In here, analysis
condition and stress display method designated by akeyboard
2004 are displayed at an analysis condition designating dis-
play 2011 and stress display method designating display 2012
on a display 2005. These data are inputted into stress analysis
unit as shown in FIG. 1 realized by internal program in com-
puter 2001, and stress analysis is carried out. A stress display
data 2015 generated in accordance with display method des-
ignated by calculated stress data is sent to the display 2005,
and analysis result is displayed as shown in FIGS. 17, 18 and
19 in display 2014, and a clear diagnosis becomes possible.

Also, each calculation processing as shown in FIG. 1 is not
limited to the program realized on a computer, but also it is
realized by a system composed by logical calculation unit as
shown in FIG. 21. Base vector metric tensor calculation unit
2100 generates base vector and metric tensor as shown in
FIG. 4 based on the input of curvilinear surface polygon data
2110 generated by the shape data. In stiffness matrix equiva-
lent nodal force calculation unit 2101, from the base vector,
metric tensor, blood pressure data 2111 and analysis condi-
tion data 2112, in accordance with FIGS. 10, 11, 12, 13 and
14, stiffness matrix equivalent nodal force are generated. In a
solving unit of simultaneous linear equations 2102, from the
data generated by the above mentioned stiffness matrix
equivalent nodal force calculation unit 2101, simultaneous
linear equations are generated in accordance with FIG. 8, and
pseudo-displacement vector field is solved. In the stress cal-
culation unit 2103, as shown in FIG. 15, inputting pseudo-
displacement vector field data generated in the simultaneous
linear equation solving unit 2102 and basic data generated in
the base vector metric tensor calculation unit 2100, the stress
tensor is generated. In the end, in the display stress calculation
unit 2104, display stress component is generated out of stress
tensor generated in the stress calculation unit 2103 as shown
in FIG. 16, and stress display data 2113 is outputted together
with curvilinear surface polygon data 2110. These are the
data displayed in the stress displaying display.

In the above, although embodiments of this invention are
practically explained, this invention is not limited to those
embodiments, but it can be modified in various ways within
the scope of this invention.

INDUSTRIAL APPLICABILITY

This invention, as a medical diagnosis system, can be uti-
lized for such as diagnosis technology in order to evaluate the
risk of rupture of vascular wall, from the current configuration
of vascular wall surrounding blood domain obtained from
medical image by diagnosis apparatus such as MRI, CT and
ultrasound echo, and estimating stress distribution applied to
the wall.

REFERENCE SIGNS LIST

0101 polygon data of curvilinear surface input unit
0102 interactive analysis condition setting unit
0103 stress analysis unit

0104 interactive visualization unit

0105 pseudo-displacement vector d calculation unit
0106 membrane tensor field o calculation unit
0107 display stress component calculation unit
0108 stress display method designation unit

0109 stress distribution visualization unit

0601 vascular wall of aorta
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0602 fixed boundary condition of vascular wall of aorta
designation unit

0603 direction of tensile force

0604 traction of vascular wall of aorta designation unit

0901 example of finite element e

0902 example of side 1

1701 shape data of aortic vascular wall obtained by multi
slice CT

1702 completely fixed boundary condition in experimental
example 1

1703 tensile force designation unit in the experimental
example 1

1704 display of circumferential stress component in the
experimental example 1

1705 display of axial stress component in the experimental
example 1

1801 display of circumferential stress component in the
experimental example 2

1802 display of axial stress component in the experimental
example 2

1901 display of circumferential stress while considering
only contribution of blood pressure in the experimental
example 3

1902 display of axial stress while considering only contri-
bution of blood pressure in the experimental example 3

1903 display of circumferential stress while considering
only contribution of tensile force in the experimental example
3

1904 display of axial stress while considering only contri-
bution of tensile force in the experimental example 3

2001 computer for executing membrane stress estimation
program

2002 diagnosis apparatus for obtaining shape data

2003 sphygmomanometer for obtaining blood pressure

2004 keyboard for designating analysis condition and
stress display method

2005 display for displaying analysis condition and analysis
result

2010 shape data and blood pressure data inputted into
computer

2011 analysis condition designation display

2012 stress display method designation display

2013 data of analysis condition and stress display method
inputted into computer

2014 stress displaying display indicating stress distribution
chart of analysis result

The invention claimed is:

1. A system for estimating membrane stress on an arbi-
trarily-shaped curvilinear surface based on current configu-
ration data, comprising:

a computer processor coupled to a non-transitory storage

memory;

a polygon data input unit configured to set polygon data of
a curvilinear surface modeling a vascular wall;

an interactive analysis condition setting unit configured to
permit interactive setting of a blood pressure, a tensile
force acting on a boundary of the vascular wall, and a
prescribed constraint of the curvilinear surface at the
vascular wall boundary;

a stress analysis unit configured to obtain, under control of
the computer processor, a two-dimensional stress distri-
bution over the entire curvilinear surface structured by
the vascular wall by analyzing mechanical equilibrium
in accordance with membrane stress on the curvilinear
surface based on the polygon data of the curvilinear
surface inputted from the polygon data input unit and the
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prescribed constraint of the curvilinear surface set in the
interactive analysis condition setting unit; and
an interactive visualization unit configured to display inter-
actively a distribution of at least a stress component of
the two-dimensional stress distribution obtained by the
stress analysis unit;
wherein the stress analysis unit is further configured to
obtain, under control of the computer processor, the
two-dimensional stress distribution by:
utilizing an adjoint operator of the divergence operator
acting on a membrane stress tensor field, representing
the membrane stress tensor field as a two-dimensional
strain based on a pseudo-displacement vector field,
the two-dimensional strain being independent of
material properties of the vascular wall;

replacing the membrane stress tensor field in a finite
element discretized model for the pseudo-displace-
ment vector field with the two-dimensional strain;

obtaining a solution of the pseudo-displacement vector
field from the finite element discretized model under
the prescribed constraint set by the interactive analy-
sis condition setting unit on a mesh given by the
polygon data;

calculating the two-dimensional strain from the solution
of the pseudo-displacement vector field; and

obtaining the two-dimensional stress distribution from
the calculated two-dimensional strain in accordance
with the representing, independently of the material
properties of the vascular wall.

2. A system for estimating membrane stress on an arbi-
trarily-shaped curvilinear surface based on current configu-
ration data, comprising:

a diagnosis apparatus configured to obtain geometric data
indicating geometry of a certain vascular portion of a
patient;

a blood pressure data obtaining apparatus configured to
obtain blood pressure data indicating blood pressure of a
patient;

a designating condition input unit configured to input a
designating analysis condition of the geometric data of
the prescribed vascular portion and blood pressure data,
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and a stress display method for displaying a result ana-
lyzed under the analysis condition;

a computer processor coupled to a non-transitory storage
memory;

a stress analysis unit configured, under control of the com-
puter processor, to input a designation of the geometric
data, blood pressure data, analysis condition and stress
display method and generate stress display data by ana-
lyzing the geometric data, blood pressure data in accor-
dance with the analysis condition and stress display
method; and

adisplay unit configured to display stress display data from
the stress analysis unit;

wherein the stress analysis unit comprises:

abase vector metric tensor calculation unit configured to
input curvilinear surface polygon data modeling the
vascular portion generated in accordance with the
geometric data and generate base vector data and
metric tensor data;

a stiffness matrix equivalent nodal force calculation unit
configured to generate a stiffness matrix equivalent
nodal force in accordance with the base vector data,
metric tensor data, blood pressure data and the analy-
sis condition, independently of material properties of
the vascular portion;

a simultaneous linear equation solving unit configured
to input the stiffness matrix and equivalent nodal
force to generate pseudo-displacement vector field
data as a solution;

a stress calculation unit configured to input the pseudo-
displacement vector field data and the base vector data
to generate stress tensor data independently of the
material Properties of the vascular portion; and

a display stress calculation unit configured to generate a
display stress component from the stress tensor data
and generate stress display data by superimposing
with the polygon data.
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